Cancer stem cells (CSCs) are unique populations of cells that can self-renew and generate different cancer cell lineages. Although CSCs are believed to be a promising target for novel therapies, the specific mechanisms by which these putative therapeutics could intervene are less clear. Nitric oxide (NO) is a biological mediator frequently up-regulated in tumors and has been linked to cancer aggressiveness. Here, we search for targets of NO that could explain its activity. We find that it directly affects the stability and function of octamer-binding transcription factor 4 (Oct4), known to drive the stemness of lung cancer cells. We demonstrated that NO promotes the CSC-regulatory activity of Oct4 through a mechanism that involves complex formation between Oct4 and the scaffolding protein caveolin-1 (Cav-1). In the absence of NO, Oct4 forms a molecular complex with Cav-1, which promotes the ubiquitin-mediated proteasomal degradation of Oct4. NO promotes Akt-dependent phosphorylation of Cav-1 at tyrosine 14, disrupting the Cav-1:Oct4 complex. Site-directed mutagenesis and computational modeling studies revealed that the hydroxyl moiety at tyrosine 14 of Cav-1 is crucial for its interaction with Oct4. Both removal of the hydroxyl via mutation to phenylalanine and phosphorylation lead to an increase in binding free energy (⌬G bind ) between Oct4 and Cav-1, destabilizing the complex. Together, these results unveiled a novel mechanism of CSC regulation through NO-mediated stabilization of Oct4, a key stem cell transcription factor, and point to new opportunities to design CSC-related therapeutics.
sive behaviors and CSC properties (12) (13) (14) . Moreover, in various cancers, the overexpression of Oct4 and its downstream targets is associated with CSCs and the progression of disease (15) (16) (17) , although the underlying mechanisms remain obscure.
In recent years, the role of the microenvironment in cancer progression has increasingly been recognized (18) . Nitric oxide (NO) is a key mediator frequently up-regulated in lung cancer microenvironment (19) . It is also known to play a pivotal role in controlling several cellular processes in both normal and pathological conditions (20) . In lung cancer, NO and its producing enzymes, nitric-oxide synthases (NOSs), are highly up-regulated (19, 21) . NO has also been shown to promote anoikis or cell survival after detachment (22) , motility (23) , CSC-like phenotypes (24) , and chemotherapeutic resistance (25, 26) .
Caveolin-1 (Cav-1) is a 21-kDa scaffolding protein found in caveolae (27) . Cav-1 is required for the formation of caveolae as well as its function, including endocytosis, lipid homeostasis, and signal transduction (28) . The tumor suppressor function and scaffolding capacity of Cav-1 have been extensively studied in various cancers (29 -32) , but its role in the regulation of CSCs remains obscure. Furthermore, the co-expression of Cav-1 and NOS in certain cancers has been reported (33). In addition, the caveolin-scaffolding domain of Cav-1 exhibits protein-protein interactions with NOS, which resulted in a decrease of the cellular function of NOS (34, 35) . These findings suggest that Cav-1 and NO may play an opposite role in regulating CSCs. However, detailed mechanisms and their cross-talk remain to be investigated.
Oct4 is a key CSC mediator that promotes the expression of other CSC factors, and its introduction into cancer cells induces cancer stemness (36) . We found that Oct4 interacts with Cav-1 and that such interaction is under the regulation of NO. In this study, we hypothesized that Cav-1 regulates the cellular level of Oct4, and therefore it influences CSCs in lung cancer via a NO-dependent mechanism. Using molecular techniques and computer modeling approaches, we demonstrated for the first time that Cav-1 forms a molecular complex with Oct4 and regulates its expression through ubiquitin-proteasome-mediated degradation. We also investigated the roles of NO in complex formation and stem properties of lung cancer cells, and unveiled a novel mechanism of CSC regulation that may lead to a better understanding of cancer cell biology under nitrosative oxidative stress conditions, which may be exploited for CSC-targeted therapy.
Results

Nitric oxide increases CSC-like phenotypes of human lung cancer cells
To study the potential regulation of CSCs by NO, we first characterized the optimal dose response to NO in human lung cancer cells. Subconfluent monolayers of human lung cancer H460 cells were exposed to various concentrations of DPTA NONOate, a well-established NO donor, for 24 h, and cell viability was determined by MTT assay. At the concentration range of 0 -40 M, the NO donor was found to have no significant effect on cell viability; however, at 80 M or higher, a significant decrease in cell viability was observed in the treated cells ( Fig. 1A) . Apoptosis and necrosis studies by Hoechst 33342/propidium iodide (PI) assays also showed that the lowdose (Ͻ40 M) DPTA NONOate had no significant effect on DNA condensation/fragmentation or nuclear PI fluorescence (Fig. 1, B and C) , indicating the lack of apoptotic and necrotic cell death under the test conditions.
To determine the effect of NO on the spheroid-forming ability of lung cancer cells under nonattachment conditions, H460, H23, and H292 cells were treated with 0 -40 M DPTA NONOate for 5 days, and their spheroid-forming capacity was evaluated by seeding them at low density on ultralow attached plates. Time courses of spheroid formation for H460, H23, and H292 cells at 10, 20, and 40 days post-seeding are depicted in Fig. 1 , D, G, and J, whereas quantitative analyses of the spheroid number and size are shown in Fig. 1 , E/F, H/I, and K/L, respectively. A significant increase in the number of spheroids formed at 20 days was recorded for the H460 and H292 cells treated with 10 M or higher concentrations of DPTA NONOate, whereas a similar increase was observed for H23 cells at 5 M or higher concentrations. At 40 days post-seeding, a significant increase in spheroid number was observed in H460, H23, and H292 cells treated with 5 M or higher concentrations of NONOate. However, none of the treated cells showed a significant change in the spheroid number at 10 days. Fig. 1 , F, I, and L, shows the relative spheroid size of the treated and untreated H460, H23, and H292 cells, respectively. Although the spheroid size of the treated cells was smaller than that of the control cells at 10 days, a significant increase in the spheroid size was observed at 20 and 40 days for all cell lines tested. At 20 days post-seeding, the increase in spheroid size was observed at the treatment dose of 10 M or higher concentration for H460 and H292 cells and at 5 M or higher concentration for H23 cells. At 40 days post-seeding, all cell lines exhibited a significant increase in spheroid size at the treatment dose of 5 M or higher concentration. These results indicate that nontoxic concentrations of DPTA NONOate promote spheroid formation of lung cancer H460, H23, and H292 cells.
Nitric oxide increases the expression of stemness-related proteins
Stem cell markers such as CD133, ALDH1A1, and ABCG2 and stemness transcription factors such as Oct4, Sox2, and Nanog are commonly accepted as key drivers or markers of CSCs (10) . We used these proteins to verify the CSC-inducing effect of NO in the tested lung cells. H460 cells were cultivated in the presence or absence of DPTA NONOate (5-40 M) for 1, 3, and 5 days, and the expression level of these markers was assessed by Western blotting. Fig. 2 , A-C, shows a dose-and time-dependent expression of CD133, ABCG2, ALDH1A1, and Oct4 in response to the NO treatment. No significant changes in the expression level of these proteins were observed 1 day after the treatment ( Fig. 2D ). At 3 days, an increased expression of Oct4 was seen at the treatment dose of 10 M, whereas CD133 expression was up-regulated at 20 and 40 M ( Fig. 2E) . Surprisingly, we observed a reduction in Sox2 expression at 3 days after the treatment with 20 and 40 M DPTA NONOate. Fig. 2F further shows the up-regulation of CD133, ALDH1A1,
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and Oct4 at 5 days post-treatment with 10 M or higher concentrations of DPTA NONOate and a decrease in Sox2 expression at the dose of 10 M or higher.
To confirm the above finding, we performed immunofluorescence experiments assessing the expression of CSC markers CD133 and Oct4 in H460 cells following NO exposure. The cells were treated with 40 M DPTA NONOate for 5 days and analyzed for CD133 and Oct4 expression by immunofluorescence staining. Consistent with the Western blotting results, the immunofluorescence results indicate the up-regulation of CD133 and Oct4 expression in the treated lung cancer cells (Fig. 2G) .
The expression levels of stemness-associated proteins in response to the NO donor treatment were also assessed in H23 and H292 cells. Fig. 2 , H and J, shows that treatment of H23 cells with DPTA NONOate for 5 days induced an up-regulation of CD133 and ABCG2 at the treatment dose of 5 M or higher, whereas an increase in Oct4 and ALDH1A1 was observed at the dose of 20 M or higher. Fig. 2 , I and K, shows the results of NO treatment in H292 cells. A significant increase in Oct4 expression was seen at the treatment dose of 5 M or higher and at 20 M or higher for CD133, ABCG2, and ALDH1A1. These results along with the spheroid formation results support the regulatory role of NO in controlling the stemness of lung cancer cells.
Microarray gene profiles of nitric oxide-mediated gene expression
Two different passages of H460 cells treated with DPTA NONOate and their nontreated counterparts were subjected to microarray analysis as mentioned under "Experimental procedures." The gene probe list of the chip is shown in Table S1 . The CU-DREAM (37) program was used to analyze the raw data, and gene probes with significant differences (p Ͻ 0.05) were chosen for further evaluation using the Bioconductor R statistic program. The heat map generated from the Bioconductor R statistics program ( Fig. 3A ) illustrates the intensity detected for different gene probes. H460 control cell samples were labeled control 1 and control 2, and the DPTA NONOate-treated cells were labeled as DPTA NONOate 1 and DPTA NONOate 2. The high-resolution microarray heat map image is available in Fig.  S1 . The computer program bracket links two samples that have similar genotypes. As expected, control 1 and control 2 displayed expression profiles distinct from those of NO-treated 1 and 2. The probed gene with significant differences (p Ͻ 0.01) (Table S2 ) was selected as the next interpretation. Although the mRNA level of Oct4 analyzed by microarray in NO-treated cells was not significantly altered (Table S2) , the Oct4 protein expression was significantly up-regulated ( Fig. 2 ), suggesting that the NO may not regulate Oct4 up-regulation via transcriptional means but may affect the protein stability.
The genes displayed significant differences (p Ͻ 0.01) (Table  S2) between treatments, and control groups were subjected for Gene Ontology (GO) using Enrichr (an integrative web-based and mobile software application; http://amp.pharm.mssm.edu/ Enrichr/) 3 (38, 39) , providing the gene set enrichment analysis. We used the Enrichr-EhEA-2016 feature (39) , which analyzed and indicated the responsible transcription factors (TFs) for the set of gene expression changed with ChIP databases (PMID: 20709693) (40) . Fig. 3B shows the analyzed results by Enrichr-EhEA-2016 indicating the TF names and PubMed IDs of ChIPseq experiments; a list of NO-mediated gene expression changes that matched the gene list in each ChIP-seq; and the p value calculated from matched and unmatched genes in each ChIP-seq. The results showed that genes altered by NO treatment are the regulated target genes of various TFs, including Ap2-␣, Ets1, Jar1d1A, Oct4, Myc, Sall4, Klf4, E2A, Top2B, Maf, and Stat3 ( Fig. 3B ). To verify the effect of NO in regulation of CSCs through Oct4 activity, the Oct4-targeted genes were analyzed by RT-PCR (Fig. 3C ). The mRNA expression of COLEC12, LAMP1, MYH3, PER3, ROS26, and UBE2S genes were up-regulated after treatment with NO in a concentrationdependent manner. The RT-PCR results were consistent with the results from the microarray analysis. Fig. 3D indicates the selected NO-mediated gene alteration (only genes of which their mRNA expression is controlled by Oct4) and its primer sequences.
Nitric oxide suppresses the degradation of Oct4 by diminishing its ubiquitin proteasomal degradation
Based on previous studies showing the role of Oct4 in controlling stem cell properties and expression of CSC markers CD133 and ALDH1A1 (41, 42) , our finding demonstrates that the effects of NO on Oct4 were not involved in the transcription process of Oct4. Thus, we investigated the potential regulation of NO on Oct4 post-translational modifications. Because NO has previously been shown to promote the stability of various proteins (43, 44) , we tested whether NO could stabilize Oct4, which may contribute to its up-regulation after the NO donor treatment.
The cells were treated with 40 M DPTA NONOate at various times in the presence or absence of cycloheximide (CHX), a protein synthesis inhibitor, and the expression of Oct4 was monitored by Western blotting (Fig. 4A ). The results showed that treatment of the cells with DPTA NONOate significantly increased the expression of Oct4 over time as compared with the untreated control ( Fig. 4B ), suggesting the stabilizing effect of NO on Oct4.
Because previous studies have shown that the cellular level of Oct4 is regulated by the ubiquitin-proteasomal degradation pathway (45), we next investigated whether Oct4 up-regulation by NO may occur through this pathway. Immunoprecipitation 
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studies were carried out to evaluate the effect of NO on Oct4 ubiquitination. H460 cells were treated with various concentrations of DPTA NONOate in the presence of lactacystin, a highly specific proteasome inhibitor, for 12 h, after which cell lysates were prepared and immunoprecipitated using an anti-Oct4 antibody. The resulting immune complexes were then analyzed for protein ubiquitination by Western blotting using an antiubiquitin antibody. The results showed that Oct4 ubiquitination was dose-dependently reduced by the NO donor treatment (Fig. 4, C and D) . This study indicates that NO exerts a promot- Figure 2 . NO donor increases CSC markers in NSCLC cell lines. H460 cells were treated with DPTA NONOate for 1 day (A), 3 days (B), and 5 days (C) after which they were analyzed for CSC markers (CD133, ALDH1A1, and ABCG2) and CSC transcription factors (Oct4, Nanog, and Sox2) by Western blotting. The blots were reprobed with tubulin to confirm equal loading of the protein samples. The immunoblot signals at 1 day (D), 3 days (E), and 5 days (F) after the treatment were quantified by densitometry, and mean data from independent experiments were normalized and presented. The bars are means Ϯ S.D. (n ϭ 3). *, p Ͻ 0.05 versus nontreated cells. G, expression of CD133 and Oct4 in H460 cells treated with DPTA NONOate (40 M) for 5 days were analyzed by fluorescence microscopy (ϫ10). Immunofluorescence was performed using mouse anti-CD133 mAb followed by Alexa-Fluor568 -labeled secondary antibody to visualize CD133 expression and using mouse anti-Oct4 mAb followed by Alexa-Fluor488-labeled secondary antibody to visualize Oct4 expression in separated experiments. Cells were stained with Hoechst 33342 dye to aid visualization of the cell nucleus. The CD133 and Oct4 proteins were appeared as red and green fluorescence, respectively. H23 (H) and H292 (I) were treated with DPTA NONOate for 5 days and then were analyzed for CSC markers (CD133, ABCG2, and ALDH1A1) and Oct4. The blots were reprobed with tubulin to confirm equal loading of the protein samples. The immunoblot signals of H23 (J) and H292 (K) were quantified by densitometry, and mean data from independent experiments were normalized and presented. The bars are means Ϯ S.D. (n ϭ 3). *, p Ͻ 0.05 versus nontreated cells.
ing effect on Oct4 expression by inhibiting its ubiquitinproteasomal degradation.
Nitric oxide increases phosphorylated Akt (Ser-473) and caveolin-1 levels
Phosphorylation of Oct4 by cellular kinases is crucial to its biological activity (46) . We next tested whether NO could alter the activity of key cellular kinases, including Akt, Src, and Erk in lung cancer H460, H23, and H292 cells. The cells were cultivated in the presence or absence of various concentrations of DPTA NONOate, and the expression levels of these proteins as well as their phosphorylated forms were determined by Western blotting. The results showed that NO treatment significantly increased the expression ratio of p-Akt (Ser-473) to Akt in a dose-dependent manner in H460 (Fig. 4 , E and H), H23 (Fig.  4 , F and I), and H292 ( Fig. 4 , G and J) cells.
We further investigated whether the effect of NO-mediated Oct4 up-regulation is an Akt-dependent mechanism, and H460 cells were treated with 40 M DPTA NONOate in the presence or absence of 2.5 M perifosine (selective Akt inhibitor) for 5 days. As control, cells were treated with 2.5 M perifosine alone for 5 days and analyzed for Oct4 expression by Western blotting (Fig. 4 , K and L). Treatment of the cells with DPTA NONOate strongly up-regulated the Oct4 level, whereas the perifosine treatment alone dramatically down-regulated the Oct4 level. In addition, the up-regulation of Oct4 by DPTA NONOate could be blocked by the perifosine treatment, suggesting that the upregulation of Oct4 by NO occurs through an Akt-dependent pathway.
Cav-1 was shown to exhibit an inhibitory effect on inducible NO synthases (34, 35) . We therefore investigated whether NO could affect Cav-1 expression. H460, H23, and H292 cells were cultivated in the presence or absence of various concentrations of DPTA NONOate, and the expression level of Cav-1 was examined by Western blotting. The results showed that Cav-1 expression was strongly up-regulated in the NO-treated cells in a dose-dependent manner in H460 ( 
Caveolin-1 enhances the degradation of Oct4 via ubiquitinproteasome pathway
Cav-1 is known to regulate several cancer cell behaviors, including migration (47), invasion (48) , and anoikis resistance (49) . Because Cav-1 is up-regulated by NO, we tested whether Cav-1 could be involved in the regulation of lung CSCs. Cav-1 expression was ectopically expressed or knocked down by FLAG-Cav-1 or shRNA-Cav-1, respectively, and their effects on spheroid formation and CSC marker expression were examined in H460 cells. Fig. 5A shows microscopic images of the spheroids formed by the genetically modified and control cells. Quantitative analyses of the spheroid number and size showed a significant increase in the spheroid number in shRNA-Cav-1 cells and a decrease in FLAG-Cav-1 cells as compared with controls ( Fig. 5B ). Spheroid size was also found to decrease in FLAG-Cav-1 cells; however, no significant change was observed in shRNA-Cav-1 cells. These results indicate that Cav-1 is a negative regulator of CSCs in the tested cell system. Western blot analysis of CSC-related proteins, including CD133, ALDH1A1, and Oct4, showed that the expression of these proteins was inversely correlated with Cav-1 expression ( Fig. 5, C and D) , thus supporting the suppressive role of Cav-1 in CSC regulation. These results also suggest that certain downstream targets of Cav-1, such as Oct4, may be involved in the regulation of CSCs by Cav-1. For verification, the data were provided in Fig. S2 . The expression of Cav-1 protein in nontreated H460 cells was comparable with mock control transfectants ( Fig. S2A ). The effect of shRNA-Cav-1 plasmid on the alteration of Cav-1, Oct4, and CD133 proteins was verified with two other shRNA-Cav-1 sequences, and the results were consistent ( Fig. S2B ).
Cav-1 is known to regulate several targeted proteins by controlling their stability post-translationally (50, 51) . To test whether Cav-1 could down-regulate Oct4 (Fig. 5 , C and D) in a post-translational modification manner, we performed a CHX protein synthesis inhibition study in which Cav-1 knockdown and overexpressing cells were treated with 50 g/ml CHX, a protein synthesis inhibitor, over time and analyzed for Oct4 expression by Western blotting. The results showed that Oct4 protein levels were significantly reduced in the Cav-1overexpressing cells as compared with the knockdown cells at 24 and 36 h post-treatment ( Fig. 5 , E and F). This result suggests that Cav-1 regulates the stability of Oct4 post-translationally.
Oct4 was previously shown to be degraded via the ubiquitinproteasomal pathway (52, 53) . To test whether Cav-1 could regulate ubiquitination of Oct4, the ubiquitination level of Oct4 in Cav-1-overexpressing and knockdown cells was determined. Cells were treated with lactacystin, a proteasome inhibitor, and analyzed for Oct4 ubiquitination by immunoprecipitation and Western blotting (Fig. 5G ). The results showed that Oct4 ubiquitination substantially increased in the Cav-1overexpressing cells but decreased in the knockdown cells relative to controls (Fig. 4, G and H) . Together, these results suggest Cav-1 mediated down-regulation of Oct4 via ubiquitinproteasomal degradation as a mechanism of CSC regulation by Cav-1.
Caveolin-1 interacts with Oct-4
The scaffolding function of Cav-1 has been shown to be important in the stability and function of several proteins (35, 51, 54) . To test whether Cav-1 could interact and form a molecular complex with Oct4, H460 cells were immunoprecipitated with an anti-Oct4 or anti-Cav-1 antibody and analyzed for spe- 
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cific protein-binding partners by Western blotting. Fig. 6A shows that when Oct4 was immunoprecipitated with anti-Oct4 antibody, the resulting immune complexes were positive with anti-Cav-1 antibody but not with anti-p-Cav-1 (Tyr-14) antibody, indicating that Oct4 forms a molecular complex with Cav-1 but not with p-Cav-1 (Tyr-14). To confirm, Akt activity in the cells was enhanced by SC79, a specific Akt activator, and the alteration in level of p-Cav-1 (Tyr-14) and its interaction with Oct4 were analyzed ( Fig. S2C ). Under active Akt status (10 M SC79 treatment), we observed the significant up-regulation 
of p-Cav-1 (Tyr-14) and the decrease of the Oct4:Cav-1 complex (Fig. S2C) .
The results showed that Cav-1 was immunoprecipitated with anti-Cav-1 antibody, and the immune complexes were similarly positive for anti-Oct4 antibody (Fig. 6B) . A previous study (46) showed that Akt activity could facilitate phosphorylation of Oct4 and subsequently promoted proliferation of CSCs. To test whether phosphorylated Oct4 could bind with Cav-1, anti-p- 
Oct4 antibody was used for immunoprecipitation, and the immunoprecipitation complexes were subjected to evaluation for Cav-1 expression. Fig. 6C shows that p-Oct4 (Ser-236) formed complexes only with the Cav-1-␤ form (21 kDa mass). As expected, p-Cav-1(Tyr-14) formed no immune complexes with Oct4 (Fig. 6D) . Taken together, we found the Cav-1:Oct4 protein:protein complex can be inhibited by the phosphorylation of Cav-1 at tyrosine 14.
To substantiate the Oct4:Cav-1 interaction, in-cell co-localization experiments were conducted using proximity ligation assay. In this study, cells were treated with anti-Oct4 and anti-Cav-1, followed by an addition of plus and minus proximity ligation assay (PLA) probes with attached specific DNA strands. The two DNA strands in proximity were ligased, amplified, and visualized under a fluorescence microscope. Fig. 6E shows the in-cell Oct4:Cav-1 protein:protein complexes (green fluorescence) with Hoechst 33342 (blue fluorescence) serving as a nuclear stain. These results support the immunoprecipitation results and indicate the direct interaction between Oct4 and Cav-1 in the tested lung cancer cells.
NO-mediated phosphorylation of Akt promotes Oct4 expression by dissociating it from caveolin-1 complex
To investigate the effect of NO on the binding interaction between Oct4 and Cav-1, immunoprecipitation studies were conducted in cells treated with DPTA NONOate.
After the treatment, cell lysates were prepared and immunoprecipitated with an anti-Oct4 antibody. The immune complexes were then analyzed for Cav-1 by Western blotting. Fig. 7 , A and B, shows that as compared with the untreated control, the NO donor treatment dramatically decreased the binding interaction between Oct4 and Cav-1. We also investigated the potential role of Akt in regulating the Oct4:Cav-1 complex formation because Akt is a known target of NO (22) and is involved in many cancer cell behaviors, including cell invasiveness, anoikis, chemotherapy resistance, and tumorigenesis (56) . In this study, H460 cells were treated with DPTA NONOate in the presence or absence of perifosine, a specific Akt inhibitor, and after the treatment, cells lysates were prepared and immunoprecipitated with an anti-Oct4 antibody. The resulting immune complexes were then probed for Cav-1 by Western blotting. The results showed that the Akt inhibitor (peri- In all experiments, immunoblots were performed on cell lysates used as input for immunoprecipitation (IP) using GAPDH antibody to confirm equal loading of the samples. E, protein-protein interaction of Cav-1 and Oct4 was confirmed by PLA in H460 cells. After plating H460 cells for 24 h, the cells were permeabilized and stained with rabbit anti-Cav-1 and mouse anti-Oct4 for 24 h. The stained cells were subjected to PLA following the manufacturer's instruction. The interaction between Cav-1 and Oct4 was visualized by fluorescence microscopy (ϫ20). Cells were stained with Hoechst 33342 dye to aid visualization of the cell nucleus. The Cav-1:Oct4 complexes appear as green fluorescence.
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fosine) significantly increased the Cav-1:Oct4 complex formation, whereas the NO donor decreased the complex formation (Fig. 7, C and D) . These results indicate that the complex formed by Cav-1 and Oct4 is regulated by NO through an Akt-dependent process. Together with the results from Fig. 4 , NO increased stability of Oct4 by inducing Akt phosphorylation (Ser-473), which diminished the interaction of Oct4 to Cav-1.
Cav-1 was earlier shown to decrease the cellular level of Oct4 by forming a repression complex. To investigate whether Cav-1 diminishes the activity of NO on Oct4, Cav-1 knockdown (shRNA-Cav-1 ) or overexpressing (FLAG-Cav-1) cells were treated with DPTA NONOate, and the expression level of Oct4 in these cells was determined by Western blotting. Fig. 7 , E and F, shows that the NO treatment significantly increased Oct4 levels in the both Cav-1 knockdown and overexpressing cells. As expected, the difference in Oct4 expression between the treated and untreated cells was significantly higher in the knockdown cells compared with the overexpressing cells.
These results suggest that Cav-1 not only decreases the Oct4 level but also diminishes the efficacy of NO to up-regulate Oct4.
Tyrosine 14 of caveolin-1 is required for its interaction with Oct4
Our immunoprecipitation study demonstrated that phosphorylated Cav-1 (Tyr-14) was unable to form a complex with Oct4 (Fig. 6, A and D) . To determine whether tyrosine 14 of Cav-1 is essential for the complex formation, site-directed mutation of tyrosine to phenylalanine at position 14 of Cav-1 (Y14F) was performed in pcDNA3.1 His-Myc plasmid. The mutated plasmid was transfected into H460 cells, and its effect on Cav-1:Oct4 complex formation was determined compared with WT FLAG-Cav-1 transfection. Cell lysates of His-Myc-Cav-1 (Y14F)-transfected cells and control FLAG-Cav-1transfected cells were prepared and immunoprecipitated with anti-His and anti-FLAG antibody, respectively. The immune complexes were analyzed for Oct4 expression by Western blotting. As expected, the tyrosine to phenylalanine mutation at position 14 of Cav-1 prevented its interaction with Oct4 (Fig.  8A) . These results clearly indicate that tyrosine 14 of Cav-1 is essential to the complex formation with Oct4 and suggest that phosphorylation of the tyrosine residue may interrupt the complex formation.
Cav-1:Oct4 complex models
Most Cav-1-interacting proteins contain a caveolin-binding motif (CBM) comprising XXXXX, XXXXXX, or XXXXXXX, where is an aromatic amino acid, and X is any amino acid (50), but Oct4 does not contain this domain (42) . To investigate how Cav-1 interacts with Oct4 and what specific amino acid residue(s) may be responsible for this interaction, we conducted a computational modeling study of the Cav-1:Oct4 complex. The optimized structures of all model complexes are depicted in Fig. 8, B and C, and the intermolecular hydrogen binding (H-bond) interactions formed between the two proteins are summarized in Table 1 . Note that the H-bond was defined by the following criteria: (i) the distance between the H-bond donor (D) and acceptor (A) atoms is less than 3.5 Å, and (ii) the angle between D-H-A is larger than 120°. From Table 1 , it appears that most H-bonds between Cav-1 and Oct4 proteins are conserved, even though Tyr-14 is either phosphorylated or mutated to phenylalanine. Interestingly, the Y14F substitution in Cav-1 introduced a loss of H-bond at the mutated residue, whereas an additional H-bond between the Cav-1 pTyr-14 residue and the Oct4 Ala-74 residue was detected (see also Fig. 8C ).
The effect of phosphorylation (pTyr-14) and single mutation (Y14F) of Cav-1 on its binding interaction with Oct4 was investigated using the molecular modeling/Poisson-Boltzmann surface area (MM/PBSA) method. The binding free energy (⌬G bind ) and its energetic components on the minimized structures of the WT, pTyr-14, and Y14F Cav-1 complexed with Oct4 are summarized in Table 2 . The overall structures of the three complexes are relatively similar, and thus the entropic term can be ignored. Table 2 shows that both pTyr-14 and Y14F Cav-1 induce an increase in ⌬G bind ϳ30 and 3 kcal/mol, In all experiments, the immunoblots were performed on cell lysates used as input for immunoprecipitation using GAPDH antibody to confirm equal loading of the samples. E, stable transfections of H460 cells with sh-cav1 or FLAG-cav1 were treated with 40 M NONOate for 5 days, and cell lysates were performed, and measurement of Oct4 and Cav-1 levels was by Western blotting. F, immunoblot signals were quantified by densitometry, and mean data from independent experiments were normalized and presented. The bars are means Ϯ S.D. (n ϭ 3). *, p Ͻ 0.05 versus nontreated cells. #, p Ͻ 0.05 versus the sh-cav1 means difference of nontreated and treated cells.
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respectively. Although the negative charge of pTyr-14 leads to a more favorable electrostatic interaction (by ϳ78 kcal/ mol), the large positive polar solvation free energy (⌬G sol-ele of 602.4 kcal/mol) reduces the binding efficiency between pTyr-14 Cav-1 and Oct4 proteins. Meanwhile, both van der Waals and electrostatic contributions are slightly reduced in the case of Y14F Cav-1 mutant. These computational models are consistent with our experimental data that could indicate that NO-mediated Akt liberates Oct4 from the Cav-1:Oct4 complex through Tyr-14 phosphorylation of Cav-1. The released Oct4 is accumulated in the cells and promotes the expression of stemness-related genes as depicted in Fig. 9, A and B.
Discussion
In this study, we provided new evidence showing that NO promotes CSC-like phenotypes in lung cancer cells in part through its stabilizing effect on Oct4. CSCs are the specific population of cancer cells that resides in solid tumors and in leukemia (1, 2) . The regulation of CSCs is believed to control the aggressiveness of cancers (4) . Various intrinsic and extrinsic stimuli and their cross-talk were documented as the important factors controlling the stemness of cancer cells (57, 58) . The intrinsic factors include tumor suppressor proteins, oncoproteins, and epigenetic regulators, whereas the extrinsic factors include microenvironmental mediators, cytokines, and paracrines in the circulating system. NO is a microenvironmental mediator that is elevated in several types of cancer, including lung cancer, colon cancer, and breast cancer (19, 59, 60) . An aberrantly high expression of NO was also shown to be correlated with poor prognosis of several cancers. These clinical data are consistent with previous experimental data by our groups and others showing the stimulating effect of NO on cancer cell aggressiveness (22) (23) (24) (25) (26) . 
Table 1
Hydrogen bond pairs detected at the Cav-1-Oct4 interface for the three studied systems @ means "at" the specific functional group.
CAV1
OCT4 
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Oct-4 is recognized as a key transcription factor controlling the stemness of both normal and cancer cells. In lung cancer cells, the expression of Oct4 is highly correlated with the aggressiveness and stemness of the cells (12, 13, 41) . Moreover, in various cancer types, an increased expression of Oct4 was found to be highly correlated with CSC level and disease progression (16, 61) . The level of Oct4 is primarily regulated by post-translational modifications that control both the expression and activity of Oct4 (52) . Alterations in this process could result in Oct4 dysregulation and malfunctions. The stability of Oct4 is largely controlled by its degradation that occurs mainly through the ubiquitin-proteasome degradation pathway (52) . We found that NO exerts its effect on Oct4 by interfering with this degradation process, thereby increasing its cellular level. In conformity with this finding, we also observed an increase in stem cell marker expression and CSC-like behaviors in the treated cells with elevated Oct4 levels.
In addition, Sox2 dramatically decreased in dose-and timedependent manners after NO treatment. The up-regulation of Oct4 with down-regulation of Sox2 were also found in cervical cancer, and such a pattern was found to be strongly associated with a poor prognosis (62) . Besides, a previous study found that the concomitant increase of Oct4, Klf4, and MYC with activated status of Akt can deplete endogenous Sox2 (63) . Likewise, our microarray analysis revealed that NO promoting transcriptional signaling of Oct4, Kfl4, and Myc cascades and Akt activity may negatively influence Sox2 expression in our system. Previous studies indicated that Sox2 functions as a differentiation enhancer in several cells, including lung cells (64 -67), sug-gesting that NO not only increased stem cell transcription factor Oct4, but also decreased differentiation signals by decreasing the expression of Sox2.
Akt has been reported to regulate Oct4 (46) , and its activation due to genetic instability is frequently observed in lung cancer (68) . Enhanced Akt activation has also been shown to be correlated with chemo-and radiotherapy resistance (69) and metastasis (70), and both are key characteristics of CSCs. Moreover, the levels of Akt and Oct4 are correlated with poor prognosis of patients. In this study, we found that NO regulates CSC-like phenotypes of lung cancer cells by increasing the stability of Oct4 in an Akt-dependent manner.
We demonstrated that Cav-1 has a negative regulatory effect on Oct4 stability through its scaffolding property. Indeed, the Cav-1:Oct4 complex facilitates Oct4 degradation via the ubiquitin-proteasome pathway. The disruption of such a complex diminishes the degradation of Oct4 and increases its cellular level, thus promoting the CSC-like behaviors. Moreover, we found that Oct4, which lacks the CBM (42), can form a molecular complex with Cav-1 through H-bonding. To our knowledge, this is the first demonstration of the proteinprotein interaction of Cav-1 and its binding partner that does not occur through the interaction between CBM and caveolinscaffolding domain (50) . We further found that the tyrosine residue at position 14 of Cav-1 is required for its interaction with Oct4, i.e. via H-bonding possibly between the H-bond donor OH-tyrosine 14 and H-bond acceptor that resides in Oct4. Such binding interaction is disrupted when the Tyr-14 of Cav-1 is phosphorylated or mutated. 
Although Cav-1 is highly co-expressed with NOS in cancer (33), it can negatively regulate NOS. For example, Cav-1 was shown to inhibit the function of NO synthases that produce NO by interacting via its caveolin-scaffolding domain (34, 35) . This suggests that Cav-1 and NO may play an opposite role in the regulation of CSCs. We found that Cav-1 forming the complex with Oct-4 and facilitate Oct4 degradation. Together with results from Fig. 4 indicated that NO contradicts the role of Cav-1 through Akt-dependent manner by Akt-mediated diminish the interaction of Oct4 to Cav-1.
Surprisingly, we found that treatment of the cells with NO also increased the Cav-1 level. Although there is no clear explanation, in our opinion such a phenomenon may be due to the compensation mechanism of the cells for balancing control of Oct4. Besides, we previously showed that NO could increase the Cav-1 level by directly inhibiting its degradation through S-nitrosylation (71) .
As Oct4 (72) (73) (74) and Cav-1 (75) (76) (77) (78) were found in various types of normal and cancerous cells, and the function of Oct4 in the regulation of stem cell properties was widely demonstrated in both CSC and noncancerous stem cells (72) (73) (74) , it is interesting to investigate for the Cav-1:Oct4 suppressor complex in normal stem cells. Also, the abundance of Oct4 in cancer cells may be enhanced by the fact that the cancer cells frequently reside in a high NO concentration environment (19) or gain of Akt function (79) .
In summary, our data demonstrated that NO positively regulates CSC markers, including CD133, ALDH1A1, and ABCG2, and promotes tumor spheroid formation, a key feature of CSCs, through its stabilizing effect on Oct4. Such up-regulation depends on Akt activation and complex formation between Oct4 and Cav-1. By forming a molecular complex with Oct4, Cav-1 facilitates ubiquitin-proteasome-mediated degradation of Oct4, which lowers its cellular level and thus bioactivity. NO promotes the release of Oct4 from the complex, decreasing its degradation and enhancing its activity on CSCs. In forming the complex, the tyrosine 14 residue of Cav-1 is crucial for its interaction with Oct4. Mutation or phosphorylation of this residue, i.e. by tyrosine to phenylalanine substitution or by NO-mediated Akt activation, diminishes the interaction. Together, our findings unveil a novel mechanism of CSC regulation, which could be important in understanding the aggressive behaviors of cancer cells and in identifying potential drug targets for CSC therapy.
Experimental procedures
Cells and reagents
Human nonsmall cell lung cancer (NSCLC)-derived cell lines H460, H23, and H292 were obtained from the American Type Culture Collection ATCC (Manassas, VA). The cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 100 units/ml each of penicillin and streptomycin (Gibco) at 37°C in a 5% CO 2humidified incubator. Cells were routinely passaged at preconfluent density using a 0.25% trypsin solution with 0.53 mM EDTA.
RPMI 1640 medium, FBS, L-glutamine, penicillin/streptomycin, phosphate-buffered saline (PBS), trypsin, and EDTA were purchased from Gibco. NO 
Cytotoxicity assay
For cytotoxicity assay, cells were seeded onto 96-well plates at a density of 1 ϫ 10 4 cells/well and were allowed to incubate overnight. Cells were then treated with various concentrations of NO donor (DPTA NONOate 0 -200 M) and analyzed for cell viability using MTT assay according to the manufacturer's protocol (Sigma). In brief, the medium was replaced, and the treated cells were treated with MTT (500 g/ml) for 4 h at 37°C. After that, the supernatant was removed, and 100 l of DMSO was added to solubilized crystal formazan product. The intensity of the formazan product was determined by spectrophotometry at 570 nm using a microplate reader (Anthros, Durham, NC). The cytotoxicity index was calculated by dividing the absorbance of the treated cells by that of the control cells.
Cell death assay
H460 cells was plated on 96-well plates at a density 1 ϫ 10 4 cells/well and allowed to attach overnight, after which they were subjected to treatment with DPTA NONOate (0 -200 M) for 24 h. After treatment, the cells were washed with PBS and incubated with 10 g/ml Hoechst 33342 and 5 g/ml PI for 30 min at 37°C. Nuclear condensation or DNA fragmentation of apoptotic cells and PI-positive necrotic cells was visualized and scored under a fluorescence microscope (Olympus IX51 with DP70 digital camera system, Tokyo, Japan).
Spheroid formation assay
After treatment, the cells were trypsinized with 2.5% trypsin/ EDTA and seeded into a 24-well ultralow attachment plate at the density of 2.5 ϫ 10 3 cells/well in RPMI 1640 serum-free medium. Phase-contrast images of formed spheroids were taken at days 10, 20 and 40 post-seeding using an inverted phase-contrast microscope (Olympus 1X51 with DP70).
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After specific treatment, the cells were harvested; mRNA was collected, and cRNA was prepared as per Affymetrix's protocol. The gene probes list is shown in Table S1 . Gene expression profiles of two independent experiments were analyzed by the CU-DREAM program (37) . The gene probes with significant differences (p Ͻ 0.05) between control and treatment groups were chosen to evaluate and generate a heat map by using the Bioconductor R statistic programs. The gene probes with a strongly significant difference (p Ͻ 0.01) (Table S2 ) between control and treatment groups were Enrichr (http://amp. pharm.mssm.edu/Enrichr/) 3 (38, 39) for analyzing gene set enrichment.
RNA isolation and RT-PCR
Total RNA was prepared using TRIzol reagent (Invitrogen), and cDNA was prepared using SuperScript III first-strand synthesis system and oligo(dT) primer (First BASE Laboratories Sdn Bhd) (primer sequences shown in Fig. 3 ). Quantitative PCR analysis was performed on a 7500 Fast real-time PCR using a Power SYBR Green PCR master mix (Applied Biosystems). 95°C for 10 min was used for initial enzyme activation and was followed by 40 cycles of denaturation at 95°C for 15 s and then at 60°C for 1 min for annealing and extension processes. Relative expression of each gene was normalized with GAPDH gene product.
Plasmid construction and transfection
Plasmid construction-Cav-1 shRNA (sc-29241-SH) was purchased from Santa Cruz Biotechnology, Inc. A full-length WT Cav-1-expression vector was generated by subcloning a pGex-Cav1 (a gift from Ambra Pozzi (Addgene plasmid catalog no. 33364) into pCANw-FLAG to generate the pCANw-FLAG-Cav-1. The plasmid containing site-directed mutation of Cav-1 (Y14F) was purchased as pcDNA3.1(Ϫ)myc-His-Cav-1(Y14F) and verified by GeneArt gene synthesis (quality assurance documentation 16AAX3YC).
Plasmid transfection-Subconfluent (70%) monolayers of cells were transfected with pCANw-FLAG-cav-1 or Cav-1 shRNA or pcDNA3.1(Ϫ)myc-His-cav(Y14F) plasmid in Opti-MEM reduced serum media (Gibco, Life Technology, Inc.) using Lipofectamine 3000 reagent, according to the manufacture's protocol (Invitrogen). After 48 h, the medium was replaced with RPMI 1460 medium containing 10% FBS, and the transfected cells were used as transient transfection. For stable transfection, the transfected cells were further cultured and selected for antibiotic resistance for 30 days. The expression of the targeted protein or tagged protein were verified by Western blotting. The cells were cultured in antibiotic-free RPMI 1640 medium for at least two passages before further study.
Co-immunoprecipitation
After specific treatments, cells were washed with PBS and lysed with lysis buffer (20 mM Tris-HCl, 1 mM MgCl 2 , 150 mM NaCl, 1% Nonidet P-40, 10% glycerol, supplemented with protease inhibitor mixture (Merck, Calbiochem)) and phosphatase inhibitor mixture (Sigma) at 4°C for 20 min. The lysate was pre-cleared by incubating with beads at 4°C for 1 h and then centrifuged at 12,000 ϫ g for 20 min at 4°C. Cell supernatant was determined for protein content using the Bradford method (Pierce TM , BCA protein assay kit, ThermoFisher Scientific). Cell lysates (500 g of protein) were incubated with specific antibody at 4°C overnight. After that, the lysate:immune complexes were incubated with protein G-conjugated agarose beads for 4 h at 4°C. The immune:protein:bead complexes were washed five times with cold lysis buffer and suspended in 6ϫ Laemmli sample buffer. The protein complexes were separated by SDS-PAGE and analyzed for protein expression by immunoblotting assay.
Western blot analysis
After specific treatments, cells were incubated with lysis buffer containing 20 mM Tris-HCl (pH 7.5), 1% Triton X-100, 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 1 g/ml leupeptin, 100 mM phenylmethylsulfonyl fluoride, and protease inhibitor mixture (Roche Applied Science) for 30 min on ice. Cellular lysates were collected and determined for protein content using BCA protein assay kit (Pierce) . Equal amounts of protein from each sample were resolved by SDS-PAGE. After separation, proteins were transferred onto 0.45-m nitrocellulose membranes (Bio-Rad). The blots were blocked for 1 h in 5% nonfat dry milk in TBST (Tris-buffered saline with 0.1% Tween containing 25 mM Tris-HCl (pH 7.5), 125 mM NaCl, and 0.1% Tween 20) and incubated with appropriate primary antibodies at 4°C overnight. After three washes with TBST, the membrane blots were incubated with HRP-conjugated secondary antibodies for 2 h at room temperature. The immune blots were detected by enhanced chemiluminescence (Supersignal West Pico; Pierce) and quantified using ImageJ software.
Immunofluorescence
Cells were washed with PBS, fixed with 4% paraformaldehyde in PBS at room temperature for 10 min, and permeabilized with 0.1% Triton X-100 in PBS for 5 min. They were then washed with PBS and blocked for nonspecific binding by incubation with 3% BSA in PBS for 30 min. The blocked cells were incubated with specific antibody overnight, and after washing with PBS, they were incubated with species-specific Alexa-Fluor488 -conjugated antibody or Alexa-Fluor569-conjugated antibody for 2 h. The stained cells were washed and mounted with an antifade mounting medium. Hoechst 33342 was used to stain the cell nucleus. The cells were visualized by fluorescence imaging (Olympus IX5).
Proximity ligation assay
Cells were fixed with 4% paraformaldehyde in PBS at room temperature for 10 min and permeabilized with 0.1% Triton X-100 in PBS for 5 min. Then the fixed cells were incubated with primary antibodies (against Cav-1 and Oct4) for 24 h at 4°C. Excess primary antibodies were removed by washing the cells with cold PBS, and oligonucleotide-conjugated secondary antibodies (PLA probe MINUS and PLA probe PLUS) were added to the cells and allowed to be incubated for 1 h at 37°C.
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The samples were washed with a buffer containing 0.01 M Tris (pH 7.4), 0.15 M NaCl, and 0.05% Tween 20 and treated with a ligation solution for 30 min at 37°C. After that, the ligate nucleotides were amplified and labeled with a fluorescence probe by added amplification solution (fluorescently labeled oligonucleotides) and polymerase solution in pre-heated humidity 37°C incubator for 100 min. After washing and drying at room temperature in the dark, the samples were mounted using an antifade mounting medium containing 4,6-diamidino-2-phenylindole. Specific protein-protein interactions were analyzed by fluorescence microscopy (Olympus IX5).
Computational method
To date, the three-dimensional structures of both CAV1 and OCT4 have yet to be resolved; therefore, in this study, homology modeling, a promising tool to predict protein structure based on a template containing a similar sequence, was applied using Phrye2 (80) . The sequences of CAV1 and OCT4 were taken from Uniprot entry codes Q03135 (81) and Q01860 (82), respectively. According to the sequence alignment by BLAST (83, 84) , the crystal structure of lipoprotein MtsA (PDB code 3HH8 (52) with 27% similarity) was used as a template for CAV1 WT, whereas OCT4 was built from POU protein (PDB code 3L1P (85) with 88% similarity) and OTX2 homeobox protein (PDB code 2DMS with 23% similarity).
Each modeled protein was performed in an aqueous solution by all-atom molecular dynamics (MD) simulations using AMBER14 package with standard procedures (86 -88) as summarized below. The two predicted structures were individually minimized using steepest descent and conjugated gradient based on the AMBER ff12SB force fields (89) to reduce the steric hindrance. Next, the 10-ns MD simulation with the NPT ensemble at 300 K and 1 atm was carried out by the PMEMD module. To restrain the covalent bond involved with hydrogen atoms, the SHAKE algorithm was applied (90). The particle mesh Ewald summation was used to treat the long-range electrostatic interactions, whereas 10 Å of a cutoff value was defined for nonbonded interactions (91) . The last snapshot of the CAV1-and OCT4-simulated systems was further used for structure prediction of the WT CAV1:OCT4 complex.
Molecular protein-protein docking was performed using ZDOCK 3.0.2 (92) to predict the complex structure of OCT4 binding to WT CAV1 based on the parameters used in previous studies (55, 93) . From the 2000 docked structures, the WT CAV1:OCT4 complex with the highest ZDOCK score was retrieved and subsequently used to construct the phosphorylated Tyr-14 CAV1 (pTyr-14 CAV1) and Y14F CAV1 mutant in complex with OCT4. To reduce the bad contact, all complexes were then minimized by steepest descent and conjugated gradient approaches using AMBER14 with the AMBER ff12SB force fields (91) . Furthermore, the intermolecular hydrogen bonding interaction and MM/PBSA binding free energy of CAV1:OCT4 complexes were analyzed to investigate the effect of the phosphorylation and the single mutation at Tyr-14 position using MMPBSA.py module.
Statistical analysis
The data from three or more independent experiments are presented as the mean Ϯ S.D. Multiple comparisons were examined for significant difference of multiple groups, using analysis of variance (ANOVA), followed by individual comparisons with Scheffe's post hoc test. Statistical significance was considered at p Ͻ 0.05.
